The adsorption isotherms of oleuropein and rutin were evaluated at different temperatures, pH values, and solid/liquid ratios. The experimental data of adsorption isotherms were well fitted to a Langmuir model. The maximum adsorption capacities were determined as 108 mg of oleuropein/g of silk fibroin and 21 mg of rutin/g of silk fibroin. After adsorption of oleuropein and rutin, the antioxidant capacity of silk fibroin increased from 1.93 to 3.61 mmol of TEAC/g. Silk fibroin also gained antimicrobial activity against Staphylococcus aureus and Klebsiella pneumoniae after adsorption of olive leaf antioxidants. In a desorption process, 81% of rutin and 85% of oleuropein were removed from the adsorbent surface in 70% aqueous ethanol solution. Consequently, silk fibroin was found to be a promising biomaterial for the production of functional food or dietary supplements and for the purification of oleuropein and rutin from olive leaf extracts.
INTRODUCTION
In recent years, there is a growing interest in obtaining biologically active compounds from natural sources. The potential dangers of some synthetic antioxidants such as butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) have been documented, and this has stimulated the substitution of synthetic antioxidants by natural ones (1, 2) . Phytochemicals, especially polyphenols in plants, are the major bioactive compounds because of their antioxidative, antimicrobial, antiproliferative, antiviral, and antiinflammatory properties (3) (4) (5) .
The olive tree is one of the potential natural antioxidant sources because of its phenolic content. The olive leaf has been known as a symbol of the Mediterranean region and peace since ancient times (2, 6, 7) . Historically, the olive leaf has been used as a folk remedy for several diseases such as fevers and malaria (7) . The most abundant and bioactive components of olive leaf are oleuropein and rutin. The health-promoting properties of oleuropein and rutin are widely investigated in the literature (6, (8) (9) (10) (11) .
Due to the special health-promoting and disease-preventing effects of polyphenols, efficient methods for extracting polyphenols from different plants have been developed (12) . Many plant species have been investigated for their novel antioxidants, and some natural antioxidants such as rosemary and sage are already exploited commercially either as antioxidant additives or as nutritional supplements (13) .
Although the organic solvents provide the extraction of the metabolites from plants, further purification can be essential in order to obtain concentrated specific components selectively because many other compounds such as sugars, protein, or metals may exist in the plant extracts (1, 14) . For the selective recovery of target plant metabolites from the crude solvent extracts, adsorption is preferred by many of the researchers, because it is a low-cost separation technique (14) . For the further purification of the polyphenols, adsorption and desorption processes can take place, respectively. The adsorption process is also used for the removal of undesired compounds from the plant extracts. Moreover, because of the worldwide tendency to replace synthetic colorants with natural pigments, anthocyanins, which are responsible for red, blue, and purple colors, have received growing attention as European food colorants and, agaih, adsorption is the preferred technique to recover these flavonoids, especially from citrus processing (15) . Ribeiro et al. (16) studied the removal of limonin and naringin from citrus juices becacuse these flavonone glycosides cause the bitterness of orange juices. Activated diatomaceous earths, granulated activated carbon, and synthetic neutral resins (Amberlite XAD-4, XAD-7, and XAD-16) were used as adsorbents. They observed a favorable adsorption of limonin and naringin onto neutral resins (XAD-4 and XAD-7) compared to the other components such as carotenoids and sugars in citrus juices because hydrophobic interactions played a great role in the adsorption of limonin and naringin (apolar solutes) from aqueous solution onto neutral adsorbents (16) .
Many biopolymers have been used as adsorbents for the recovery of polyphenols. The interaction between the biopolymers and antioxidative polyphenols has been widely investigated (17) . Cellulose and collagen are nearly the most common biopolymer used as an adsorbent for the purification of plant extracts. For instance, some researchers achieved 93.8% recovery of trans-resveratrol, an important natural polyphenol found in grapes, on cellulose cotton by increasing the salt concentration and decreasing the temperature of the solution (18) . There is an increasing trend to purify many other polyphenols from plants, which have antioxidative properties. Because of their promising health effects, oleuropein and rutin are the two essential components of the olive leaf. They can be removed from crude olive leaf extract by adsorption techniques. If an edible and medicinal adsorbent such as silk fibroin can be used instead of these commercial resins in the adsorption of oleuropein and rutin, then there will be no need for a desorption step, and in this way silk fibroin will gain antioxidative, antimicrobial, and anti-inflammatory properties for further use in industry as functional food or dietary supplement.
Silk fibroin is a protein polymer (19) that consists of highly repetitive regions. Silk fibroin is an edible protein, which has functional amino acids in its structure, and it is preferred in many biotechnological applications such as drug delivery and tissue engineering (20) (21) (22) . It has also been used as an adsorbent since the 1940s because of its hydrophobic and bonding characteristics (23) (24) (25) . Silk fibroin can be considered as a potent adsorbent for the isolation of antioxidants from the crude extracts, which will increase its health benefits. However, silk fibroin has not been used as an adsorbent for the removal of any polyphenolic structures.
This study focused on the production of protein-based functional food with antioxidative and antimicrobial properties. To our knowledge, in the literature there were no studies about the adsorption of olive leaf polyphenols on silk fibroin or on any adsorbents. Therefore, extraction and adsorption of the two most abundant polyphenols in olive leaves, oleuropein and rutin, on silk fibroin were studied. This study also aimed to increase the purity of oleuropein and rutin. For this reason, desorption studies were performed after adsorption to understand whether the silk fibroin can be used as a purification material for these polyphenols.
MATERIALS AND METHODS
Plant Material, Reagents, and Standards. Fresh green olive leaves were collected from the olive trees grown on the campus of Izmir Institute of Technology (Izmir, Turkey). Field collections were made in December 2004. Oleuropein and coumarin (internal standard) were obtained from Extrasynthese (Genay, France), whereas rutin (98.5%) was obtained from Merck Co. (Darmstadt, Germany). All solvents were of high-performance liquid chromatography (HPLC) grade. Ethanol (for extraction) from Riedel-de Haën (Seelze, Germany), acetonitrile (mobile phase for HPLC) from Sigma-Aldrich Chemie (Steinheim, Germany), and acetic acid (mobile phase for HPLC) from Merck Co. were used in this study. Citric acid monohydrate (for phosphate buffer) was supplied from Sigma-Aldrich Chemie (Steinheim, Germany), and disodium hydrogen phosphate (99%) (for phosphate buffer) was supplied from Merck Co. 2,2′-Azinobis(3-ethylbenzothiazoline-6sulfonic acid) (ABTS) from Sigma (Steinheim, Germany), Trolox (6hydroxy-2,5,7,8,-tetramethylchroman-2-carboxylic acid), and potassium persulfate (K 2O8H8) from Fluka (Steinheim, Germany) were used for antioxidant analysis. Hydrophobic silk fibroin from Silk Biochemical Co., Ltd. (Hangzhou, China), was used as adsorbent to determine the adsorption behavior of olive leaf antioxidants on it.
Preparation of Crude Extracts from Olive Leaves. Collected olive leaves were washed with deionized water and then dried at 37°C for 3 consecutive days. The dried leaves were powdered and extracted in 70% ethanol aqueous solution for 2 h at 25°C. The solvent of the extracted medium was removed by using rotary evaporator at 38°C, 120 rpm rotation under vacuum. Then, the solvent-free olive leaf extract was dried using a freeze-dryer system at -52°C and 0.2 mbar, and it was stored in light-protected glasses until further use in adsorption studies.
Adsorption and Desorption of Olive Leaf Antioxidants. Crude olive leaf extract was dissolved in proper solvent and mixed with silk fibroin in a batch system for the adsorption process. The adsorption process was performed in a thermoshaker at 250 rpm for 30 h. Several parameters were measured in the adsorption procedure. The solvent effect on adsorption was investigated by using a 70% ethanol-water solution and water. Then the adsorption kinetics of this system was followed during 30 h at 25°C when the solid/liquid ratio was 1:20. The adsorption behavior of the system at different concentrations was investigated to plot the adsorption isotherms. The experiments were run at three different temperatures, 25, 30, and 35°C, to show the effect of temperature on the adsorption isotherms. At constant temperature, the pH of the solution was adjusted to 2.4, 4.0, and 7.6 by using citric acid monohydrate and phosphate buffer. Also, water at pH 6.0 was used to see its effect on adsorption isotherms. Then at constant pH and temperature, the solid/liquid ratio was changed from 0.025 to 0.1 to demonstrate its effect on the adsorption.
After adsorption, the samples were centrifuged at 8000 rpm for 15 min. Then the liquid and solid were separated. After centrifugation, the supernatant of the samples before and after adsorption was analyzed by using HPLC. The results of HPLC provided data to plot the adsorption isotherms of oleuropein and rutin at different initial concentrations and at different conditions. After adsorption, the dried remaining silk fibroin powder containing olive leaf constituents was mixed with 70% ethanol to perform the desorption. The desorption process was performed in the thermoshaker at 250 rpm and 25°C during 4 days. Then the mixture was centrifuged to separate the liquid phase from the solid phase. The supernatant was analyzed by using HPLC to determine the desorption and purification efficiency of this system. Furthermore, the antioxidant capacity of this sample was measured to see whether the olive leaf flavonoids still had antioxidant activity after adsorption.
FTIR analyses of dried silk fibroin before and after adsorption process were carried out in the region of 500-7000 cm -1 using an FTIR spectrophotometer (Digilab FTS 3000 Mx).
HPLC Analysis. The HPLC analysis given in the literature (7) was used for the quantification of oleuropein and rutin. The HPLC equipment used was a Hewlett-Packard series HP 1100 equipped with a diode array detector. The stationary phase was a C18 LiChrospher 100 analytical column (250 × 4 mm i.d.) with a particle size of 5 µm thermostated at 30°C. The flow rate was 1 mL/min, and the absorbance changes were monitored at 280 nm. The mobile phases for chromatographic analysis were (A) acetic acid/water (2.5:97.5) and (B) acetonitrile. A linear gradient was run from 95% A and 5% B to 75% A and 25% B during 20 min; it changed to 50% A and B in 20 min (40 min, total time); in 10 min it changed to 20% A and 80% B (50 min, total time), after reequilibration in 10 min (60 min, total time) to initial composition. Oleuropein and rutin in olive leaf extracts were identified by comparison of their retention times with the corresponding standards. Coumarin was used as internal standard for the quantification of oleuropein and rutin. Because the retention time of coumarin is between the retention times of oleuropein and rutin and because it does not react with the polyphenols in olive leaf extract, coumarin was preferred as an internal standard in this study.
Total Antioxidant Activity Analysis. The antioxidant analysis method was based on the ability of olive leaf antioxidants to scavenge the ABTS •+ (ABTS radical cation) compared with a standard antioxidant (Trolox) in a dose-response curve (26) . A 7 mM aqueous ABTS solution was mixed with 2.45 mM potassium persulfate solution to form ABTS •+ . The mixture was kept in the dark at ambient temperature for 12-16 h to complete the reaction. The ABTS •+ solution was diluted with ethanol to an absorbance of 0.7 ((0.02) at 734 nm and equilibrated at 30°C. The samples of silk fibroin before and after adsorption, which were prepared by dissolving them in Ajisawa's reagent (CaCl2/ethanol/ water, 111:92:144 in weight) (27) , and olive leaf extract solutions were analyzed for their antioxidant capacities. Twenty microliters of samples was added to 2 mL of diluted ABTS •+ solution, and the absorbance was taken every minute during 6 min with a UV-visible spectropho-tometer (Perkin-Elmer-Lambda 25). All samples were analyzed at least three times at different concentrations. Five different concentrations of each sample were analyzed to obtain 20-80% inhibition in absorbance of the ABTS •+ solution. The graph between the concentration of sample and percentage inhibition in ABTS •+ solution was obtained, and the slope of this plot was compared with the standard Trolox curve's slope to determine TEAC value.
Antimicrobial Tests. Antimicrobial tests were performed to determine the effect of olive leaf extract against the growth of certain bacteria. Solid powder samples were pressed in a hydraulic press machine to form pellets with a diameter of 14 mm. The antibacterial action of these four samples against Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, and Pseudomonas aeruginosa was determined by the disk diffusion method. Bacterial cultures were grown on Mueller-Hinton agar medium at 37°C overnight. One of the colonies was picked up and dissolved in 1 mL of phosphate buffer solution (PBS); the turbidity was adjusted to McFarland no. 1 (10 9 CFU). A sterile cotton swab was placed in the bacterial suspension and then streaked in three directions over the surface of the Mueller-Hinton agar to obtain uniform growth. Four different disks or pellets were placed into the plates of each bacterium. The plates were incubated at 37°C for 1 day. Besides this, three commercial antibiotics, penicillin, vancomycin, and gentamicin pellets of 6 mm diameter, were placed in each plate of the bacterium for positive control. Then the width of the inhibition zone of each sample and commercial antibiotics in the plates was measured.
RESULTS AND DISCUSSION
Effect of Solvent Type on Adsorption. The olive leaf extract was analyzed by using HPLC before and after adsorption to determine the concentration of oleuropein and rutin in the liquid phase and the adsorbed amounts on silk fibroin. Adsorption on silk fibroin powder was performed in 70% aqueous ethanol solution and deionized water. After adsorption, there were visible changes in the color of the silk fibroin. The color of the silk fibroin turned to light green from white when the adsorption was carried out in 70% aqueous ethanol solution, and it turned to dark yellow when the adsorption was performed in water. Figure 1 represents the adsorbed quantities of oleuropein and rutin per gram of adsorbent in different solvents.
The highest quantities of oleuropein and rutin were adsorbed in water, so the adsorption was more efficiently performed with water compared with 70% aqueous ethanol solution. For this reason, all of the other adsorption experiments were performed in water. The higher adsorption efficiency in water showed that probably hydrophobic interactions take place between the olive leaf antioxidants and silk fibroin. The interactions between the biopolymers and polyphenols are mainly hydrophobic interactions and hydrogen bonding. In hydrophilic solvents, hydrophobic interactions are favored, whereas in hydrophobic solvents, hydrogen bonding is favored (17) .
To understand whether the silk fibroin selectively adsorbed the rutin and oleuropein, the two HPLC chromatograms before adsorption and after adsorption were overlapped in a graph. Figure 2 proves this selective adsorption of oleuropein and rutin on silk fibroin. The selective accumulation of rutin and oleuropein on the hydrophobic silk fibroin revealed the presence of interaction between silk fibroin and polyphenols during the adsorption process. The other polyphenols in olive leaf extract such as verbascoside, apigenin-7-glucoside, and diosmetin-7glucoside, which have retention times closer to the retention times of rutin and oleuropein, were also adsorbed on silk fibroin. However, the amount of these antioxidants in olive leaf extract and the adsorbed amount of them on silk fibroin are less compared to the adsorbed amounts of oleuropein and rutin. All of these polyphenols possess high antioxidative activity, which increases the antioxidant capacity of this protein-based functional food.
Adsorption Equilibrium. The adsorption behavior of oleuropein and rutin in water was followed during 30 h by running each experiment as three replicates. Figure 3 shows the adsorbed amount of oleuropein and rutin depending on time. The adsorption significantly occurred in the first 5 min, and then the adsorbed quantity slightly increased in 40 min. After 40 min, the adsorption reached equilibrium. Consequently, 40 min was sufficient for the removal of olive leaf antioxidants, and after 40 min of contact time, the steady-state assumption was valid for this system. The studies in the literature established that approximately 2 or 3 h of adsorption time was generally adequate for the recovery of polyphenols (15, 16, 28, 29) . The equilibrium time has great importance in finding the maximum adsorption capacity of the system and in performing adsorption isotherms.
Adsorption Isotherms of Oleuropein and Rutin. Adsorption isotherms are the best systems that describe the interactions and the maximum capacity of the adsorbents. For this reason, adsorption isotherms of oleuropein and rutin at different conditions were established, successively.
Oleuropein is the most abundant compound in the olive leaf. Because of this and its relatively nonpolar character, a high amount of oleuropein was adsorbed on silk fibroin. To find the maximum capacity of silk fibroin for the adsorption of oleuropein, the adsorption was accomplished at different initial concentrations. Figure 4 shows the effect of initial concentration on the adsorption of oleuropein, and the adsorption isotherm of oleuropein at 25°C is given in this figure.
An increase in the concentration of oleuropein in the solution was achieved by increasing the amount of olive leaf extract dissolved. The initial concentration of oleuropein was changed from 0.79 to 9.03 mg/mL. A significant increase in the adsorption of oleuropein was observed until the initial concentration of oleuropein was set to 6.72 mg/mL, and concentrations over 6.72 mg/mL did not affect the adsorption of oleuropein.
Langmuir and Freundlich models were applied to equilibrium data of the adsorption isotherm. The Langmuir model demonstrated considerable superiority to the Freundlich model because there is a limit in the adsorption capacity of silk fibroin. The Langmuir parameters of the adsorption isotherm were calculated by using the Langmuir equation where q 0 ) maximum adsorbed amount (mg of oleuropein/g of silk) and K ) Langmuir constant (mg of oleuropein/mL of water); 1/q versus 1/c was drawn, and the Langmuir parameters were calculated by using the linearization of the Langmuir equation. The intercept of this curve gives 1/q 0 , whereas the slope of the curve is equal to K/q 0 . (1/q 0 ) 0.0138; q 0 ) 72.46 mg of oleuropein/g of silk; K/q 0 ) 0.0041; K ) 0.297 mg/ mL.) The maximum adsorption capacity of silk fibroin for oleuropein was calculated as 72.46 mg of oleuropein/g of silk by using the Langmuir equation and assuming the monolayer coverage was valid. From the plateau of the adsorption isotherm given in Figure 4 , the maximum adsorption capacity was determined as 71.02 mg of oleuropein/g of silk. The proximity of these values with the model and experimental data proved the validity of the monolayer coverage.
Although rutin is the second most abundant compound in olive leaf extract, the rutin content of olive leaves is very low compared with the oleuropein content. For this reason, the adsorbed rutin amount on silk fibroin was lower compared to the adsorbed amount of oleuropein. First, the effect of initial concentration on the adsorption of rutin was observed, and its adsorption isotherm at 25°C was evaluated as shown in Figure 5 .
The initial concentration of rutin was changed from 0.13 to 1.34 mg/mL. In this range, its adsorption on silk fibroin was increased until its initial concentration was set to 0.88 mg rutin/ mL, and the adsorbed amount was nearly the same over this concentration.
The adsorption isotherm of rutin was evaluated within this range of initial concentration by using the equilibrium values of rutin in the solution and on the adsorbent. Similar results were observed as in the case of the oleuropein adsorption on silk fibroin. The experimental data better fit the Langmuir model than the Freundlich model. However, because of the low concentration values, 1/q and 1/c values of the linear part of the adsorption isotherm were used in the modeling instead of using all of the experimental data. The maximum adsorption capacity of silk fibroin for rutin was calculated as 16.47 mg of rutin/g of silk from this curve, whereas the maximum adsorption capacity was determined as 13.5 mg of rutin/g of silk from the plateau of the adsorption isotherm. These values demonstrate that the monolayer coverage did not achieve 100%. Because it 
was a multicomponent system, the surface of the silk fibroin was covered with not only rutin but also oleuropein. Effect of Temperature on the Adsorption of Oleuropein and Rutin. Temperature is another parameter that affects the adsorption capacity of adsorbents. Adsorption was established at three different temperatures, 25, 30, and 35°C. All of these experiments were run in water, and the solid/liquid ratio was always 1:20 to see only the effect of temperature on adsorption. The adsorption isotherms obtained at these three temperatures are demonstrated in Figure 6 . A clear difference could not be detected between the adsorption capacities of silk fibroin at these three temperatures within the range of error margins. This was probably due to the proximity of temperatures, but it was not practical to perform the adsorption at lower than 25°C or higher than 35°C because of the economics concerns. There is also a risk of polyphenol degradation at temperatures above 40°C. The maximum adsorption capacity values of this process did not increase or decrease in any order. For this reason, q 0 values could not give any information about the nature of the process. Under these conditions, the equilibrium adsorption capacity of oleuropein was found to be 72.46 mg of oleuropein/g of silk at 25°C.
The adsorption behavior of silk fibroin for rutin was also investigated at the temperatures of 25, 30, and 35°C, which are demonstrated in Figure 7 . A clear difference could not be detected between the adsorption capacities of silk fibroin at these three temperatures within the range of error margins. For this reason, the nature of the process cannot be understood, but 25°C seems to be a favorable condition for the adsorption of rutin as well.
Effect of pH on Adsorption of Oleuropein and Rutin. The adsorption behavior of polyphenols may differ due to the pH of the medium. Therefore, experiments were run at pH 2.4, 4.0, 6.0, and 7.6. The pH of the system was adjusted to 2.4, 4.0, and 7.6 by using citric acid and phosphate buffer. The other experiment was run in deionized water, which was at a pH of 6.0. Figure 8 demonstrates the adsorption behavior of silk fibroin at these four different pH values.
The adsorptive properties of silk fibroin were closer to each other at all of the pH values, except at pH 2.4. The adsorbed amount of oleuropein was significantly less at pH 2.4, showing that the electrostatic interactions between the adsorbent and adsorbate were not as strong as the hydrophobic interactions. From the plateau of the adsorption isotherms, the maximum adsorbed amounts were found as 61, 71, 62, and 45 for the pH values of 7.6, 6.0, 4.0, and 2.4, respectively. The adsorbed amount of oleuropein at pH 4.0 was as nearly the same as that at pH 7.6. The maximum adsorption of oleuropein was achieved at pH 6.0. Similar results were reported for the adsorption of polyphenols. In the literature, the adsorption affinity of gelatinpolyvinyl alcohol for flavonol glycosides was found to be high between pH 5.0 and 6.5 (30) . In the phenol adsorption, typically the amount adsorbed decreased at both low and high pH values, and the maximum adsorption values for the irreversible systems were generally obtained in unbuffered systems. The data fit well the Langmuir equation with high regression coefficients. The experimental data and the model values all represented that pH 6.0 was the best pH value for the adsorption of oleuropein. Figure 9 demonstrates the adsorption isotherms of rutin at pH 7.6, 6.0, 4.0, and 2.4. The adsorbed amounts of rutin were The adsorption behavior of oleuropein in water was observed in three different solid/liquid ratios at 25°C and pH 6.0 ( Figure  10) . The solid/liquid ratio was adjusted to 0.025, 0.05, and 0.1 by changing only the adsorbent amount. The adsorption efficiency of oleuropein was increased with the decreasing adsorbent amount at constant initial concentrations of oleuropein. This might be due to the total removal of the solute even with low adsorbent concentration. Because the adsorbent was saturated when the solid/liquid ratio was 0.025, the adsorbed amount per gram of adsorbent was lower when the solid/liquid ratio increased from 0.025 to 0.1.
From the model, the maximum adsorption was found to be 117.65 mg of oleuropein/g of silk fibroin, whereas the plateau of the adsorption isotherm gave this value as 108 mg of oleuropein/g of silk fibroin. The adsorbed amount at 0.025 solid/ liquid ratio was 1.5 times the adsorbed amount at 0.05 solid/ liquid ratio, and it was nearly 2 times the adsorbed amount at 0.1 solid/liquid ratio. Because of this, the decrease with the mass of the adsorbent can be represented by a power equation as given in Figure 11 .
The adsorption of limonin and naringin on various natural and synthetic adsorbents also increased by a power equation as the solid/liquid ratio was decreased (16) . Consequently, the maximum adsorption capacity of silk fibroin for oleuropein at 25°C in water was found as 108 mg of oleuropein/g of silk fibroin when the solid/liquid ratio was 0.025. To our knowledge, there have been no studies about the adsorption of polyphenols on silk fibroin or adsorption of olive leaf antioxidants on any adsorbents because of this; it was difficult to compare this value with other studies.
The solid/liquid ratio had inversely affected the adsorption of oleuropein on silk fibroin. Therefore, the rutin adsorption was also expected to decrease as the solid/liquid ratio was increased. The adsorbed amount of rutin was found when the solid/liquid ratio was 0.025, 0.05, and 0.1 at different initial concentrations. As is obvious in Figure 12 , maximum adsorption efficiency was obtained when the solid/liquid ratio was 0.025. This was probably due to the total removal of rutin with a low amount of silk fibroin. The maximum adsorbed amounts were determined as 21, 13.5, and 8.5 mg of rutin/g of silk fibroin for solid/liquid ratios of 0.025, 0.05, and 0.1, respectively.
There are slight differences in the maximum adsorption capacity of model and experimental data, showing that monolayer was not fully covered in this system. The solid/liquid ratio significantly affected the adsorption of rutin. Figure 13 represents the decrease in the adsorption efficiency with the mass of the adsorbent by a power equation. As a result, the maximum adsorption capacity of silk fibroin for rutin at 25°C in water was found as 21 mg of rutin/g of silk fibroin when the solid/ liquid ratio was 0.025.
Because both rutin and oleuropein are adsorbed in this system, this system can be defined as a multicomponent adsorption system. The objective of adsorption in most real systems is to remove several adsorbates instead of one. This complicates the theoretical picture of equilibrium among adsorbates and adsorbent. The Langmuir model may be generalized from single to multicomponent adsorption. The Langmuir equation for multicomponent systems is given as where θ i ) surface coverage.
Using eq 2, one can estimate the fraction of the surface covered by oleuropein, rutin, or other polyphenols. However, this model is successful under the following conditions: (1) The competing components must obey the assumptions of the Langmuir-like equation for single solutes. (2) The capacity of the surface for each component must be the same. (3) Adsorbates must be competing for the same binding sites.
From eq 2, the surface coverages of both oleuropein and rutin were calculated as 0.29 and 0.66. Because other polyphenols also adsorbed on silk fibroin, they covered the remaining 0.05 portion of available silk fibroin. The surface coverage of silk fibroin was also found by using the experimental data of rutin and oleuropein by assuming no other polyphenols were adsorbed on silk fibroin. In this case, the surface coverages of rutin and oleuropein were found as 0.16 and 0.84. The difference between the surface coverage values of oleuropein and rutin was probably due to the differences in molecular sizes or differences in orientations of them on the surface of silk fibroin. Several researchers reported that if adsorption occurs on sites that were not equally accessible to all of the competing adsorbates, the Langmuir model was not expected to yield accurate results (31) .
The adsorption affinity factors in most of the studies are defined as the equilibrium ratio in the initial linear region of the adsorption isotherms because the number of occupied sites is small as compared to the total active sites, which can be taken as constant and a measure of the affinity for the solute (16) . The affinity factors for oleuropein and rutin were found from when the adsorption was performed at 25°C and the solid/ liquid ratio was adjusted to 0.025 in water. The slopes of the initial linear region of these curves were determined as 60.06 for rutin and 50.41 for oleuropein, showing the fact that the adsorption affinity for rutin was higher than that for oleuropein. Although oleuropein content was higher than rutin, adsorption affinity for rutin was higher. This was probably due to the difference of the molecular weights between rutin and oleuropein. The molecular weight and molecular formula of rutin are 610.53 and C 27 H 30 O 16 , respectively. The molecular weight and molecular formula of oleuropein are 540.53 and C 25 H 32 O 13 , respectively (32) . Increase in the molecular weight increased the interactions between biopolymers and polyphenols. Because the molecular weight of the rutin is higher than that of the oleuropein, the adsorption affinity for rutin is expected to be higher than that of oleuropein.
Consequently, the recoveries of oleuropein and rutin were increased from 54 and 65% to 80 and 88%, respectively, by changing the pH, solid/liquid ratio, and temperature. The solid/ liquid ratio was the most effective parameter in the adsorption of olive leaf antioxidants. As a result of this study, the purity of oleuropein and rutin was increased and polyphenol-rich silk fibroin was obtained.
Fourier Transform Infrared Spectroscopy (FTIR) of Adsorbed Polyphenols on Silk Fibroin. FTIR analyses were performed for silk fibroin. The main goal of this analysis was to investigate the change in the molecular conformation and orientation of silk fibroin before and after adsorption of polyphenols and examine whether the characteristic peaks of oleuropein can be seen on silk fibroin after adsorption. The IR spectrum of silk fibroin before adsorption was subtracted from the IR spectrum of silk fibroin after adsorption to see if any bands were left. In other words, the IR spectrum of silk fibroin was taken as background to understand which peaks belonged to the adsorbed polyphenols. In addition to this, analyses of olive leaf extract and oleuropein were performed to see which absorption bands were attributed to oleuropein in olive leaf extract. Figures 14, 15, and 16 give the FTIR spectra of adsorbed polyphenols on silk fibroin, olive leaf extract, and oleuropein, respectively.
The existence of absorption bands in the FTIR spectrum of adsorbed polyphenols proved the accumulation of oleuropein on the silk fibroin because absorption bands corresponding to oleuropein were present in the spectrum. The appearance of C-H stretching bands in the regions of 2852-2854 and 2922 cm -1 in the IR spectra of olive leaf extract and oleuropein showed that they were the characteristic bands of oleuropein. The observed peaks at 2922 and 2852 cm -1 in the spectrum of adsorbed polyphenols proved the adsorption of oleuropein on silk fibroin. The peaks at 1516 and 1517 cm -1 in the spectrum of olive leaf extract and adsorbed olive leaf polyphenols revealed the existence of aromatic rings. CsO stretching in phenols produces an absorption band in the 1300-1100 cm -1 region. This band appeared at 1282 cm -1 in the IR spectrum of both the oleuropein and olive leaf extract, whereas it appeared at 1261 cm -1 in the adsorbed polyphenols. Furthermore, the Cd Figure 13 . Adsorption efficiency of rutin at different solid/liquid ratios. O stretching was observed at 1710 and 1731 cm -1 in the IR spectrum of oleuropein and at 1735 cm -1 in the spectrum of adsorbed polyphenols. As a result, the observed principal bands in the spectra of oleuropein and olive leaf extract were also observed in the spectrum of adsorbed polyphenols, proving the oleuropein and rutin adsorption on silk fibroin. Antioxidant Analysis of Adsorbed Polyphenols on Silk Fibroin. The aim of this study was to produce a protein-based functional food having antioxidative and antimicrobial properties. In accordance with this aim, it should be known whether olive leaf polyphenols show their functionality after adsorption or not. Because it was impossible to find the antioxidant capacity of the solid phase including silk fibroin and olive polyphenols, it was dissolved in Ajisawa's reagent to determine the antioxidant activity. Four samples were analyzed in a UV-visible spectrophotometer. The first sample was the Ajisawa solution itself, the second sample was the olive leaf extract solution containing the same amount of adsorbed polyphenols, the third sample was the adsorbed polyphenols and silk fibroin, and the fourth sample was the silk fibroin solution alone. Ajisawa's reagent did not exhibit any antioxidative activity, and it did not induce the antioxidant activity of the samples. The antioxidant activities of these samples were determined in terms of TEAC (millimoles per gram).
Silk fibroin alone also exhibited antioxidant activity toward the ABTS radical cation, and its antioxidant capacity was increased from 1.93 to 3.61 TEAC mmol/g after adsorption.
On the other hand, the olive leaf extract containing the same amount of adsorbed polyphenols exhibited 0.88 TEAC mmol/ g, a lower antioxidant activity compared to the adsorbed polyphenols on silk fibroin. The amount of oleuropein and rutin in adsorbed polyphenols on silk fibroin was higher compared to the amount in olive leaf extract. Therefore, they exhibited higher antioxidant activity.
In this study, antioxidative activity was assessed with TEAC in solution. Although this is a valid in vitro/ex situ method, in situ methods such as electron spin resonance (ESR) studies using 1,1-diphenyl-2-picrylhydrazyl (DPPH) in biomembrane are well suited for the olive leaf extract treated silk fibroin. Results from the ESR could yield more near-to-reality data, given the fact that treated biomaterials would probably be used in the form of solids rather than liquid (or solution). In the literature, free radical scavenging reactions of green tea polyphenols were successfully investigated with ESR spectroscopy in the phospholipids bilayer of liposomes using the DPPH radical as model (33) .
Antimicrobial Tests of Adsorbed Polyphenols on Silk Fibroin. The antimicrobial activities of silk fibroin (SF), olive leaf extract (OLE), a physical mixture of olive leaf extract with silk fibroin, and silk fibroin containing adsorbed polyphenols were investigated toward four different bacteria, Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Klebsiella pneumoniae. Furthermore, the effects of three different commercial antibiotics, gentamicin, penicillin, and vancomycin, toward these bacteria were studied as positive control. The samples and antibiotics were all in pellet form with 14 and 6 mm diameters, respectively. After 1 day, inhibition zones around the samples and antibiotics were observed. However, a color change was also observed around the olive leaf extract containing samples, which showed the diffusion of the polyphenolic structures. The inhibition zones of samples and antibiotics are given in Table 1 . All of the samples except silk fibroin demonstrated antimicrobial activities. Samples were generally resistant toward S. aureus. Only the adsorbed polyphenols on silk fibroin inhibited the growth of K. pneumoniae among the samples.
The measured inhibition zone of adsorbed OLE on SF was the same with the physical mixture of OLE and SF. Thus, adsorption did not have any inverse effect on the antimicrobial activity of polyphenols. The inhibition effect of adsorbed OLE on SF toward K. pneumoniae probably was due to the selective adsorption of oleuropein. It was known that oleuropein was the significant compound in the antimicrobial activity of olive leaves. Because the amount of oleuropein on SF was high after adsorption, this sample hindered the growth of K. pneumoniae. S. aureus is a Gram-positive bacterium, whereas other bacteria used in this study are Gram-negative. The Gram-positive bacteria are more sensitive to antimicrobial agents because they do not have an outer membrane for their cell membranes. Because the effect of olive leaf polyphenols against Gram-positive bacteria is higher compared to that of the Gram-negative bacteria, they are probably causing inhibition of cell membrane function. As a result, silk fibroin with oleuropein and rutin can be used as a functional food because of their antimicrobial activity. Nowadays, there is a growing concern about the quality and safety of foods. Therefore, the use of these bioactive phytochemicals combined with protein as natural preservatives to control pathogenic growth and to eliminate microbial contamination can probably be preferred to the use of synthetic preservatives in food preservation.
Desorption of Olive Leaf Antioxidants. The isolation and purification of antioxidants are desired processes for the food, cosmetics, and pharmacological industries. New and low-cost commercial techniques have been researched especially for their use in dietary supplements. In this part of the study, the adsorption of oleuropein and rutin was accomplished in high percentages. These compounds continued to exhibit their antimicrobial and antioxidative properties on the silk fibroin. If desorption of olive leaf antioxidants could be successfully achieved, then they would be recovered in large amounts from crude olive leaf extract. To desorb these compounds, desorption was performed in 70% aqueous ethanol solution. The desorption behavior of oleuropein and rutin was followed during 4 days. The system reached equilibrium within 20 h. The maximum adsorption amounts of rutin and oleuropein (when the solid/ liquid ratio was 0.025) were 21 mg of rutin/g of silk fibroin and 108 mg of oleuropein/g of silk fibroin. In the desorption process, 17 mg of rutin/g of silk fibroin and 91.8 mg of oleuropein/g of silk fibroin were recovered from the adsorbent. Thus, 81% of rutin and 85% of oleuropein were successfully removed from the adsorbent surface. Therefore, 1 g of silk fibroin can provide the removal of 69% of oleuropein and 93% of rutin from 1 g of olive leaf extract. After desorption, the color of the silk fibroin again turned to light yellow.
The antioxidant capacity of desorbed polyphenols was analyzed to check whether they lost their antioxidant properties after the desorption process or not. The results were compared with the antioxidant capacities of the olive leaf extract containing the same amount of desorbed polyphenols. The antioxidant activity of desorbed polyphenols was nearly 2 times higher than that of the olive leaf extract (containing the same amount of desorbed polyphenols). The antioxidants have a synergistic effect on each other when they are found together, which is why the purification of highly bioactive oleuropein and rutin caused the observation of an increased antioxidant capacity. The antioxidant capacity of desorbed olive leaf antioxidants was found to be 1.5 TEAC mmol/g.
Conclusions.
In this study, we explored the potential use of silk fibroin for the recovery of polyphenols as an adsorbent. The experimental data of adsorption isotherms were well fitted to a Langmuir model. The maximum adsorption capacities at these conditions were calculated as 108 mg of oleuropein/g of silk fibroin and 21 mg of rutin/g of silk fibroin. The adsorption of olive leaf antioxidants on silk fibroin was confirmed by FTIR. Silk fibroin alone showed antioxidative activity, whereas it did not exhibit any antimicrobial activity. After adsorption of olive leaf antioxidants, the antioxidative property of silk fibroin increased. It gained antimicrobial activity against S. aureus and K. pneumoniae.
Silk fibroin was determined as a promising protein-based biopolymer in the production of antioxidative and antimicrobial functional food or dietary supplement after adsorption of olive leaf antioxidants. Furthermore, it can also be used in the purification of olive leaf antioxidants from the crude olive leaf extracts.
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